C
lass D ␤-lactamases are divided into three categories based on their substrate specificities. Narrow-spectrum enzymes such as OXA-1, OXA-10, and OXA-46 bind and hydrolyze penicillins such as ampicillin and benzylpenicillin, as well as a few narrowspectrum cephalosporins, including cephalothin and cephaloridine (1) . Extended-spectrum ␤-lactamases (ESBL) have acquired the ability to hydrolyze expanded-spectrum cephalosporins, such as cefotaxime, ceftazidime, and cefepime ( Fig. 1) (2) . These enzymes (e.g., OXA-13 and -17) seem to arise when a small number of substitutions occur in the background of a narrow-spectrum parental enzyme (most often OXA-10). Carbapenem-hydrolyzing class D ␤-lactamases (CHDL) such as OXA-23, OXA-24/40, and OXA-48 provide resistance to carbapenems such as imipenem, meropenem, and doripenem ( Fig. 1 ) through a weak hydrolytic activity toward those antibiotics (3) . Because of the serious clinical threat posed by the second and third categories of class D ␤-lactamases, it has been remarked that to date, class D enzymes possessing both ESBL and CHDL properties have not been observed clinically (1) .
Sequence alignments reveal that the class D carbapenemases can be classified into five subfamilies: OXA-23, OXA-24/40, OXA 48, OXA-51, and OXA-58 (1) . OXA-23, reported in 1995 and initially referred to as ARI-1, was the first example of a class D enzyme conferring resistance to carbapenems (4, 5) . OXA-24/40 was identified in 2000 in Spain (6) . Since that time, the bla OXA- 23 and bla genes have been identified with ever greater frequency as the causative mechanism of carbapenem resistance in nosocomial Acinetobacter baumannii infections across the world (3, 7) . Much progress has been made in the last decade toward understanding the mechanism by which these CHDL enzymes accommodate and hydrolyze carbapenem substrates. Structural analyses of OXA-24/40 without (8) and with (9) doripenem bound revealed that a "hydrophobic bridge" (composed of Y112 and M223) across the top of the active site helps hold onto carbapenems that possess extended nonpolar side chains (e.g., doripenem and meropenem) while sterically occluding penicillins with bulky side chains (e.g., oxacillin). The extraordinarily tight carbapenem binding provided by this bridge (K m Ͻ 30 nM) likely compensates for the weak hydrolytic turnover rates of these enzymes, resulting in clinically significant resistance levels in highthreat organisms such as Acinetobacter baumannii. This bridge is not a universal feature of CHDLs: OXA-48 does not possess it, and its more open active site has been shown to bind carbapenems less tightly (and oxacillin more tightly) in comparison to OXA-24/40 (10) . It has been proposed that a 6␣-hydroxyethyl side chain of carbapenem substrates plays a key role in the hydrolysis mechanism of these drugs. The alcohol of this moiety either prevents activation of the hydrolytic water (in narrow-spectrum enzymes) (10, 11) or, when rotated to a different orientation, allows it to be activated (in CHDL enzymes) (9) . Docquier and colleagues have demonstrated the importance of the loop between ␤-strands ␤5
and ␤6 for carbapenem turnover and proposed that it may promote hydrolysis by affecting the rotational orientation of the drug's hydroxyethyl group (10, 12) .
A number of studies have shed light on the origin of ESBL activity in a number of clinical variants from the OXA-10 subfamily. Paetzel et al. noted that a number of such mutations (N73S, A124T, G157D, etc.) are clustered near a highly conserved tryptophan residue (W154; OXA-10 numbering) (13) . Notably, substitution of the tryptophan itself, or deletion of a neighboring leucine, yields an enzyme that provides robust ceftazidime resistance (14) . The most complete analysis of a class D ESBL involves OXA-145, which arose when L165 was deleted from the narrow-spectrum OXA-35 (15) . X-ray crystallographic analysis showed that this deletion expands the active site of OXA-145 and likely makes room for the bulky oxyimino R1 side chain of ceftazidime (16) .
Sequence analysis of ␤-lactamases indicated that a number of clinically isolated class D enzymes are single-residue variants of carbapenemase subfamily parental enzymes such as OXA-23 or OXA-24/40. One such variant is OXA-146, an OXA-23 subfamily member isolated in the vicinity of Anhui, China, in 2007 (GenBank accession number ACI28281). OXA-146 is identical to OXA-23 except for a duplication of A220, adding one residue to the loop between ␤-strands ␤5 and ␤6. As part of a study to investigate the effect of clinically observed mutations in the ␤5-␤6 loop, we compared the kinetic properties of OXA-24/40, OXA-23, and OXA-146 (OXA-23 A220dup). We also describe here the crystal structures of OXA-23 and OXA-146, which provide tremendous insight into the importance of the ␤5-␤6 loop in determining substrate specificity.
MATERIALS AND METHODS
Mutagenesis and protein purification. The bla OXA-23 gene (17) was subcloned into the NdeI and XhoI restriction sites of the pET24a(ϩ) expression vector such that residue H22 is the first residue after the initiator methionine. This vector was used as a template for mutagenesis using the PCR overlap extension method (18) , leading to the insertion of an extra alanine between A220 and M221. The sequences of both genes were verified, and the plasmids were transformed into Escherichia coli BL21(DE3) cells. Both proteins were expressed and purified to homogeneity using a protocol identical to that previously used for the preparation of the related class D carbapenemase OXA-24/40 (9) .
Kinetic analysis. Steady-state kinetic analysis was carried out in 50 mM NaH 2 PO 4 , 25 mM NaHCO 3 (pH 7.4) at 25°C in a Cary 100 UV-Vis spectrophotometer. Initial velocities were calculated using the following ⌬ε (M Ϫ1 cm Ϫ1 ) values: ampicillin, Ϫ900 ( ϭ 235 nm); doripenem, Ϫ11,460 ( ϭ 297 nm); imipenem, Ϫ9,000 ( ϭ 300 nm); cefotaxime, Ϫ7,500 ( ϭ 260 nm); ceftriaxone, Ϫ7,800 ( ϭ 255 nm); ceftazidime, Ϫ6,900 ( ϭ 260 nm); aztreonam, Ϫ700 ( ϭ 297 nm). Values of K m and k cat were determined by nonlinear regression to the Michaelis-Menten equation. Slow substrates that bound with very high affinity were treated as inhibitors in a competition assay. A constant, subsaturating concentration of the reporter (ampicillin) was added to the cuvette with various concentrations of inhibitor. Absorption was measured at 235 nm, and velocities were measured in triplicate. The average velocities (v 0 ) were then fitted to equation 1, where v u represents the reporter's uninhibited velocity and K d app represents the inhibitor concentration that results in 50% v u .
The inhibitor's K m can be calculated using equation 2 (19) .
X-ray crystallography. OXA-23 crystals were grown by the hangingdrop vapor diffusion method in an 8-l drop containing 4.5 mg/ml of the ␤-lactamase mixed 1:1 (vol/vol) with well buffer. For the wild-type crystals, 0.1 M sodium acetate (pH 5.0), 5% (wt/vol) polyglutamic acid (lowmolecular-weight polymer), and 30% (vol/vol) polyethylene glycol (PEG) 550MME (monomethyl ether) was used as the well buffer. These crystals were harvested and soaked in a new well buffer containing 100 mM Tris (5), and ceftriaxone (6).
(pH 7.1), 5% (wt/vol) polyglutamic acid (low-molecular-weight polymer), and 30% (vol/vol) PEG 550MME, 50 mM NaHCO 3 before being flash cooled in liquid nitrogen.
The OXA-146 crystals were grown in well buffer containing 0.2 M sodium chloride, 0.1 M phosphate/citrate (pH 4.2), 20% (wt/vol) PEG 8000. Diffraction data were measured on the LS-CAT beamline (hutches 21-ID-D and 21-ID-G) at the Advanced Photon Source (Argonne, IL) at 100 K using a MarCCD detector (see Table 2 ). Reflections were indexed, integrated, and scaled using HKL-2000 (20) . Molecular replacement for the determination of both the OXA-23 and OXA-146 structures was performed with Phaser (21). A Phyre2 (22)-generated homology model based on the OXA-24 structure was used as the initial phasing model and the OXA-23 structure (excluding all water molecules) was subsequently used as the initial phasing model for the determination of the OXA-146 structure. Refinement and electron density map calculations were done with REFMAC5 (23) in the CCP4 program suite (24) . Manual rebuilding of the model was done with Coot (25) .
Protein data accession numbers. The coordinates and structure factors for OXA-23 and OXA-146 have been deposited in the Protein Data Bank with accession numbers 4K0X and 4K0W, respectively.
RESULTS AND DISCUSSION
A sequence alignment of OXA-146 with two of the most clinically relevant CHDL enzymes, OXA-24 and OXA-23, shows that OXA-146 differs from OXA-23 by the duplication of a single alanine residue (A220) (Fig. 2) . Interestingly, another OXA-23 subfamily variant (OXA-49; GenBank accession number AAP40270) contains this same alanine insertion, along with an additional K148E mutation. OXA-49 was also isolated in China but was reported 6 years earlier. In both variants, the alanine duplication occurs in the loop connecting ␤-strands ␤5 and ␤6, a structural element that has been implicated in acquisition of carbapenemase activity (12) . We therefore wondered if the alanine duplication might have an effect on carbapenem hydrolysis.
We used steady-state kinetic analysis to determine the K m and k cat values for OXA-23, OXA-24/40, and OXA-146 for seven ␤-lactam substrates (ampicillin, imipenem, doripenem, cefotaxime, ceftriaxone, ceftazidime, and aztreonam) ( Table 1) . OXA-24/40 and OXA-23 share the core active site residues thought to be important for basic ␤-lactam binding and hydrolytic cleavage (S81, K84, S128, V130, W167, L168, K218, and R261; OXA-24/40 numbering) (8) . Moreover, the bridge residues critical for carbapenem binding in OXA-24/40 (Y112 and M223) appear to be well conserved in OXA-23 (F110 and M221). Not surprisingly, the substrate profiles of the two enzymes for representative penicillin, cephalosporin, and carbapenem substrates are quite similar (Table 1 Neither enzyme showed any turnover or binding (as measured by competition with a reporter substrate) of ceftazidime. We were surprised that OXA-146, with an alanine duplication in a region known to affect carbapenem turnover, hydrolyzed doripenem with essentially the same efficacy as the parental OXA-23 enzyme. When we tested the variant for activity against cefotaxime and ceftriaxone, we found that the alanine insertion resulted in ϳ20-fold and 100-fold decreases in K m , respectively, and a notable increase in k cat for ceftriaxone. Ampicillin also displayed a 5-fold decrease in K m . Most surprising was the fact that the alanine duplication allowed OXA-146 to bind ceftazidime with reasonably good affinity (K m ϭ 160 M) and a significant turnover rate (k cat ϭ 2.9 s Ϫ1 ). The resulting k cat /K m of 0.018 M Ϫ1 s Ϫ1 is equal to or greater than values observed for other class D or class A ESBL enzymes that yield "resistant" MIC values for ceftazidime (15, 26) . Because ceftazidime and the monobactam aztreonam share the same bulky oxyimino side chain, we sought to determine if the alanine duplication enhanced hydrolysis of the latter. Indeed, the OXA-146 K m value for aztreonam is over 1,000-fold lower than that observed for OXA-23, while the k cat values for the two enzymes are similar. While we suspect that these lower K m values represent tighter binding affinity for these substrates, effects on catalytic rate constants may also contribute to the decrease observed. In order to elucidate the mechanism for these gain-of-function effects observed with OXA-146, the structures of that enzyme and its parent enzyme OXA-23 were determined by X-ray crystallography. Both OXA-23 and OXA-146 crystals formed in the P2 1 22 1 space group with one monomer in the asymmetric unit and yielded high-quality diffraction data sets (1.6 Å and 1.2 Å resolution, respectively) ( Table 2 ). The final model of OXA-23 contained 243 amino acid residues, 255 water molecules, and two bicarbonate ions. The final OXA-146 model contained 234 residues, 283 water molecules, four bicarbonate ions, five sodium ions, one citrate molecule, and four ethylene glycol molecules. The citrate molecule of OXA-146 is bound in the active site, similar to what is seen for polycarboxylate ligands observed in other class D ␤-lactamase structures. It overlaps strongly with the tartrate molecule observed in OXA-46 (3IF6), as both ligands interact with the arginine that typically stabilizes the C3/C4 carboxylate of ␤-lactam substrates (R260 in OXA-23) (27) . It also partially overlaps a citrate molecule in OXA-10 (2WGV) (28) . The presence of citrate in the active site of OXA-146 strengthens the case for using polycarboxylates as scaffolds for inhibitor design (29) . Quality of the final models was analyzed with MolProbity (30). For OXA-23, 98% of the residues were in the favored region, with no outliers of the Ramachandran plot, and for OXA-146, 96% of residues were in the favored region, with no outliers.
Three-dimensional structural alignments of OXA-23 and OXA-24 (PDB 3PAE) show very strong structural similarity for the overall topological main-chain trace (RMSD for C␣ atoms ϭ 0.471 Å) (Fig. 3A) , as well as the key active-site residue side chains. Electron density maps of the active site show that K82 is fully carboxylated and the resulting carbamate moiety is stabilized by hydrogen bonds with W165 and S79 (Fig. 3B) . Of particular note is the tight overlap of the serine nucleophile (S79), V128, and W165 between OXA-23 and OXA-24 (Fig. 3C) . The root mean square deviation (RMSD) for all atoms of eight key active site residues (S79, S126, V128, W165, L166, K216, G218, and R259) is 0.325 Å, indicating high conservation of structure.
In addition to the conservation observed for the core catalysis machinery, the structural alignment shows that the two enzymes possess a nearly identical hydrophobic bridge across the top of the active site (Fig. 3A) . We interpret this observation to mean that this conservation is responsible for the highly similar substrate kinetic profiles for these two enzymes. The presence of the bridge also clearly distinguishes OXA-23 and OXA-24/40 from OXA-48, which has a more open active site (10) . The bridge has been shown to be important for tight carbapenem binding (8, 9) and suggests that both OXA-23 and OXA-24/40 use the same mechanism to achieve tight substrate binding in order to compensate for a fairly low turnover rate for those substrates.
In one notable instance, there is a significant difference between the OXA-23 and OXA-24/40 active-site structures. There is a deviation in the backbone trace between the enzymes in the area of the loop connecting ␤-strands ␤5 and ␤6 (Fig. 3A) . In OXA-24/40, the presence of glycine at position 224 allows a close approach of this loop to V167 across the active site. In OXA-23, however, this position is occupied by aspartate (D222), and that residue's ␤-carbon pushes the ␤5-␤6 loop back 1.9 Å (as measured by the distance between the C␣ atoms of D222 in OXA-23 and G224 in OXA-24). A220 and I225 in OXA-23 are both bulkier than their sequence homologues in OXA-24 (G218 and V223) and may thus contribute to the altered position of the loop as well. This backbone deviation likely explains the modest advantage in binding affinity observed for OXA-23 compared to OXA-24/40 with respect to ampicillin, cefotaxime, ceftriaxone, and aztreonam. The loop area is where one would expect a close approach from the R1 side chains of these drugs (31, 32) , and the larger area provided by the OXA-23 loop position would likely accommodate those groups better.
Given that OXA-146 differs from OXA-23 by only a single alanine insertion, it is not surprising that the two structures are nearly identical: the RMSD for C␣ atoms is 0.187 Å. The alanine insertion, however, does cause a striking local deviation of the ␤5-␤6 loop. First, the second alanine takes the position normally occupied by the bridge methionine (M221 in OXA-23, now Analysis of Class D ␤-Lactamases OXA-23 and OXA-146
October 2013 Volume 57 Number 10 aac.asm.org 4851 M222), pushing the latter residue one position into the ␤5-␤6 loop ( Fig. 4A and B) . In this position, the methionine side chain is displaced 4.1 Å from its OXA-23 location (distance measured between ␤-carbons) and no longer bridges the active site. The side chain of M222 not only is laterally shifted but also rotates ϳ90°f rom its OXA-23 orientation and could not possibly interact with Phe110. Additionally, the extra residue extends the length of the ␤5-␤6 loop, causing it to move 2.0 to 2.5 Å further away from the core of the enzyme. The loop deviation between OXA-23 and OXA-146 is mostly limited to the region of M222 and D223 in the latter, with strong structural alignment fully resuming within the next two residues (I224 and K225 in OXA-146) as the chain prepares to enter the protein core as strand ␤6 (Fig. 4B) . We note that the side chain of the active site lysine K82 of OXA-146 adopts a more extended conformation than that seen for OXA-23, in which the lysine curves back toward the catalytic serine. Additionally, K82 remains uncarboxylated, a condition that is almost certainly due to the low pH of the crystallization buffer (pH 4.2). The loss of the carbamate moiety at low pH has been documented numerous times both for crystallization experiments and in solution (8, 33, 34) . In its uncarboxylated and extended form, the side chain K82 would clash with the canonical structure of the S126-V128 loop (S115-V117 in OXA-10), and this loop in our OXA-146 structure deviates from its form seen in OXA-23 (this paper) and OXA-24 (8, 9) .
Residues 105 to 114 were not included in the final OXA-146 model due to poor electron density observed in that region. We have observed disorder and poor-quality density for this loop in many OXA-23 and OXA-23 mutant structures that we have determined, with the key exception being the wild-type OXA-23 structure described above (other structures not shown). We also note that the Phe110 and Met221 residues of the wild-type OXA-23 "bridge" do not interact with each other (6.0 Å between the closest atoms), in contrast to the Tyr112/Met223 bridge of OXA-24 (3.4 Å between the closest atoms; PDB accession no. 3PAE). It is therefore highly unlikely that the disorder of residues 105 to 114 contributes to the loop deviations we observe in the ␤5-␤6 loop.
In order to see if these loop deviations in OXA-146 might be responsible for the increase in ceftazidime binding, we superposed the structures of OXA-23, OXA-146, and the closely related ␤-lactam sensor protein BlaR1 with ceftazidime bound as an acyl adduct (32) . As seen in Fig. 5A , the bulky Y-shaped R1 oxyimino side chain of the ceftazidime would likely clash sterically with OXA-23 in two places. Foremost, the R1 carboxy group of the drug (unique to ceftazidime and aztreonam) is incompatible with the location of the side chain of the bridge methionine M221. The replacement of that side chain by the duplicated alanine naturally alleviates that steric clash. Next, the aminothiazole ring of the ceftazidime side chain would likely clash with the main chain of the ␤5-␤6 loop, most notably in the area of D222. It is easy to see in this model that the extension of this loop away from the active site would be expected to greatly lessen this steric incompatibility. These same two structural changes in OXA-146 would be expected to have a similar interaction with aztreonam, which has the same side chain as ceftazidime. It is interesting, however, that gains of activity against ceftazidime and aztreonam do not always occur together in class D ESBLs (e.g., OXA-14) (32, 35) .
As noted before, most ESBL mutations in class D occur in the OXA-10 subfamily and cluster in an area near the carbamatestabilizing tryptophan (W154; OXA-10 numbering). This tryptophan is found in the substrate-selecting "omega loop," which makes contact with the ␤5-␤6 loop. Deletion of the leucine next to this tryptophan, or substitution for the tryptophan itself, has been shown to yield enzymes that confer ceftazidime resistance (15) . Such mutations are known to increase the flexibility of the omega loop and may enhance the substrate selectivity function of that structural element (28) . These mutations are also known to decrease the stability of the carbamate carboxylation of K70 (in OXA-10), leading to a loss of penicillinase activity (15, 28) . OXA-146 maintains good ampicillinase activity, suggesting that gainof-function mutations in the ␤5-␤6 loop do not acquire ESBL activity by a similar mechanism.
There is one previous example of a mutation in the ␤5-␤6 loop of a class D ␤-lactamase leading to increased activity against ex-tended-spectrum cephalosporins. OXA-163 is a variant of the carbapenemase OXA-48 in which 4 amino acids from that loop have been deleted (36) . While this deletion leads to increases in turnover for ceftazidime and aztreonam, there is also a notable loss of activity against carbapenems such as imipenem and ertapenem (36) .
An increase in hydrolysis of ceftazidime brought about by conformational changes of the ␤5-␤6 loop has also been observed in other classes. The G238S substitution increases ceftazidimase activity in the SHV and TEM subfamilies of class A ␤-lactamases (37, 38) . The crystal structure of SHV-2 (SHV-1 with a G238S substitution; PDB accession no. 1N9B) shows that the increased bulk of the serine side chain moves the main chain of the next 2 to 3 residues back ϳ1 to 2 Å, creating a larger active site that would be expected to better accommodate the bulky aminothiazole ring of ceftazidime (39) . Overlays of SHV-1/2 and OXA-23/146 reveal that this widened active site occurs in the same spot in both proteins, suggesting that this mode of ESBL property acquisition is broadly shared (Fig. 5B and C) . A class C ␤-lactamase from Enterobacter cloacae (GC1) gains extended spectrum activity through a three-amino-acid insertion in an active site loop (40) . This insertion occurs in a different loop (the "omega loop"), but like the mutations found in OXA-146 and SHV-2, it results in a widened active site (41) . A pentapeptide duplication in the omega loop of SHV-1 (creating SHV-16) also results in a significant increase in ceftazidime resistance (42) .
It is likely the alanine duplication results in a similar expansion of substrate selection for OXA-49, which contains that insertion as well as an additional missense mutation (K148E). The second substitution resides on the surface of the protein away from the active site (ϳ20 Å from the catalytic serine) and may simply represent a random genetic drift. Alternatively, this mutation may provide some additional advantageous kinetic effect or act as a global stabilizer of protein structure, as seen with the L201P substitution of TEM-1 (43) .
OXA-23 and OXA-24 together are responsible for a large part of the very dangerous and still emerging threat of carbapenem resistance in Acinetobacter species. Our observation here that a single residue insertion in OXA-23 leads to a gain of efficiency in breaking down ceftazidime and aztreonam, with no loss of activity toward carbapenem substrates, shows that this threat continues to grow.
